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ABSTRACT: It is demonstrated by ENDOR and Special TRIPLE spectroscopy that two distinct radical
anion states of the intermediate electron acceptor (1), a bacteriopheophytin, can be freeze-trapped in isolated
photosynthetic reaction centers Rhodobacter sphaeroidesThe formation of these states depends on

the illumination time prior to freezing and the temperature. The first state,i$ metastable and relaxes
irreversiblyat T ~ 160 K to the second stater1. Experiments on quinone depleted as well as mutant
reaction centers help to exclude the possibility that other cofactors besides the bacteriopheophytin in the
A-branch,®4, are reduced during the trapping procedure. In particular, two mutants are investigated, in
which the hydrogen bonds @, that exist in the wild type are removed. These mutants are EL(L104),

in which Glu at position L104 near the %Reto group of®, is replaced by Leu, and WF(L100), in
which Trp at position L100 near the Zgethyl ester of®, is replaced by Phe. Both mutations have
characteristic effects on bothr Istates. In addition, the replacement of Thr at position M133 near the
13%-keto group of the inactive bacteriopheophytin and of Gly at position M203 near fhkel@ group

of the accessory bacteriochlorophyll in the A-branch by Asp causes no changes of the electronic structure
of I*-. The two I~ states are interpreted in terms of a reorientation of the 3-acetyl grodp @fter
reduction. Possible implications for the initial charge separation process are discussed.

In the photosynthetic reaction center (RQ@f purple P
bacteria, light-induced electron transfer (ET) leads to a stable
charge separation with high quantum yield. The RC of

Rhodobacter sphaeroide®nsists of three subunits, called 1)

L, M, and H. The former two subunits harbor four BChls Bg

(P, Puw, Ba, and B), two BPhs (P, and ®g), two \\
ubiquinones (@ and @), and one carotenoid molecule Gly M203

together with one non-heme iron as cofactdrs?). The
cofactors form two branches with an approximai

3>
symmetry (Figure 1). Upon light excitation the singlet g @
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1 Abbreviations: 0, dihedral angle;®sgs, BPh in the A- and
B-branch, respectively (also referred to in the literature as ot Hiw); Glu L104

A, hfc constantAer, effective hfc constants,, isotropic hfc constant;

Ag, Ay, perpendicular and parallel components of uniaxial hf tensor; Figure 1: Structural arrangement of the bacteriochlorin cofactors
BChl, bacteriochlorophyll; BPh, bacteriopheophytin; Brij 36 T, lauryl- - and the native amino acid residues at positions L100, L104, M133,
decaoxyethylene-ether; cyt, cytochrome; EN_DOR, electron nuclear 3nd M203 in wild-type RCs oR. sphaeroidesiccording to the
double resonance; EPR, electron paramagnetic resonance; ET, electro5)<_ray structure analysi2: P, BChls of the primary donor; B
transfer; I, intermediate acceptor; hf(c), hyperfine (coupling); LDAO, Bg, accessory BChigp,, ®g i3PhS. The 13keto groups Of’B
N-lauryl-N,N-dimethylamineN-oxide; LUMO, lowest unoccupied mo- (I)A, and®g as well as the 3-écetyl group and the-h3ethyl ester
lecular orbital; MO, molecular orbital; OR, optical ratio; P, primary of (,I)A are indicated. For clarity, the phytyl chains are truncated,

donor; Q g, primary and secondary quinones, respectively; Qptical - . .
transitions in BChis and BPhs; RC, reaction center; rf, radio frequency; @nd the quinone acceptors, the non-heme iron, and the carotenoid

RHF-INDO/SP, restricted Hartrerock intermediate neglect of dif- ~ molecule are not shown.

ferential overlap/spin polarization; SB14-(n-tetradecyl)N,N-di- it * ; ;
methyl-3-ammonio-1-propanesulfonate; TE, Tris/EDTA buffer; TRIPLE, excited-state P* of the primary donor, a dimer of the two

electron nuclear nuclear triple resonance; Triton X-16f;octylphenyl- BChls F?-. and Ry, is form.ed and an electron is transferred
polyoxyethylene-ether. from P via the cofactors in the so-called A-branch, B,
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Ficure 2: Structure of BPka with IUPAC numbering scheme (R
= phytyl). The dihedral angl® defining the orientation of the
3-acetyl group is given. The arrow indicates the viewing direction
along the C3-C3! bond axis.

and Q, to the terminal acceptorg)3). Despite the quasi-
symmetric arrangement of potential electron carriers no ET
along the B-branch is observed in wild-type RCs.

At ambient temperatures the state ®,°~ is formed in
~4 ps after excitation of P, and the electron is further
transferred to @ in ~200 ps. At low temperatures the
optical Q transitions of®, and ®g can be clearly distin-
guished with absorption maxima at 546 and 534 nm,
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Characterization of *t using optical spectroscopy is
hampered by difficulties in interpreting the Al difference
spectra {2—15). In particular, there is a strong bleaching
and shift of the BChl @ band at 805 nm, making the
assignment of the observed changes to the formation of a
BPha anion problematical. More specific information can
be obtained through investigation of the electronic structure
of I*~ using EPR methods such as ENDOR or Special
TRIPLE resonance. By these methods the hfc's of the
unpaired valence electron of lwith certain magnetic nuclei
can directly be measuredg—19).

Investigation of the electron spin density distribution of
I*~ in RCs fromR. sphaeroidesed to the identification of
this state with a monomeric BPh or BChl radical anigf-

24). The observed hfc's were, however, somewhat different
from those of the respective anions in organic solvents, which
was attributed to the interaction of the reduced cofactor with
its protein environmentl®). Removal of the hydrogen bond
between Glu L104 and the £Reto group of®, resulted in

a significant change of the electronic structure “of (vide
infra) and finally gave evidence that the trapped species is
the BPh radical anion on the A-branc8).(

Here we show by ENDOR and Special TRIPLE spectros-
copy that (at least) two distinct™1 states can be freeze-
trapped in RCs fromR. sphaeroidesdepending on the
trapping conditions and the temperature. To assign these
states to a certain cofactor we also examined site-directed
mutants with specific changes near the bacteriochlorins. Two
mutants, EL(L104), in which the above-mentioned Glu at
position L104 (L-subunit) is replaced by Leu, and WF(L100),
in which Trp at position L100 is exchanged to Phe, were

respectively. It has been shown by site-directed mutagenesisjesigned to remove putative hydrogen bond@fo(Figure

that the main reason for this bandshift is a hydrogen bond
between glutamic acid (Glu) L104 and the'4&to group

of ®, (for numbering, see Figure 2), although it is not the
only origin of differences between the optical properties of
the two BPhs%—9). Transient optical spectroscopy revealed
the unidirectionality of the ET by showing that only the long-
wavelength @ band is bleached upon formation of the
Ptd, state (0, 11).

A similar selective bleaching at 546 nm is observed when
the steady-state1 is formed, which therefore is assigned
to @5~ . In the case oR. sphaeroideshis state can be
accumulated by illumination of RCs with actinic light in the

1). The effects of these mutations on the electronic structure
of the two I~ states are discussed. Also investigated are
TD(M133), in which Thr at position M133 is replaced by
Asp in order to introduce a hydrogen bond to thé-kéto
group of ®g (Figure 1), and the double mutant EL-
(L104+TD(M133). In addition, we examined the Istate

in the mutant GD(M203), in which Gly at position M203
near the 18keto group of R is replaced by Asp25). The
results from all of the mutants allow us to identify the two
I~ states with different conformations @,*~ . The reasons
for the occurrence of these conformations and possible
implications for the initial charge separation process are

presence of a strong reductant (sodium dithionite) and adiscussed.

soluble secondary electron donor (native @ybr cytc from
horse heart). As has been shown by Okamura etld). (
the trapping of 1~ occurs in three steps. First, after chemical
reduction of the quinone acceptors, illumination in the
presence of cyt yields the state@a*~. In a second dark
reaction the diamagnetic state R is formed. A final light
reaction then yields1Qa2". Alternatively, the state't can

be obtained directly in quinone-depleted RCs. The halftime
of I' in the absence of oxygen at room temperature is only
15—-20 min, but the radical anion is stable at temperatures
below 200 K.

230 far, evidence for ET tag (~15%) was only found in one
site-directed mutant of RCs frolRhodobacter capsulatus which
the photoactive BPh was replaced by a BChl through the introduction
of His at position M212 and, in addition, Gly at position M201 was
replaced by Asp4).

MATERIALS AND METHODS

The construction of mutants using oligonucleotide-directed
mutagenesis has been described earfigp%). All mutant
strains were able to grow photosynthetically. RCs were
isolated from semi-anaerobically grown wild-type and mutant
cells following published procedure&§, 27). The wild-
type RCs were those of theLM1.1 deletion strain comple-
mented with wild-type genes. The buffer used throughout
(TE) contained 10 mM Tris/HCI (pH 8.0) and 1 mM EDTA.
Detergent exchange was performed either by dialysis or by
washing RCs bound to a DEAE column (Fractogel TSK 650
S, Merck) and eluting with 300 mM NacCl. After desalting
the RC solutions were concentrated to &P~ 100
(Centricon 30, Amicon) and stored at 200 K. Detergents
were purchased from Fluka (LDAO, Triton X-100) and
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Sigma (Brij 36T, SB14). RC concentrations were determined e o T O I I R
optically by using the molar extinction coefficiengys = Iy 12
2.88 mM1cm? (28). .
The quinone content of RCs was assayed photochemically
according to Okamura et al29) using horse heart cyt
(Sigma). Quinone extraction was performed by washing RCs
bound to a DEAE column overnight at room temperature
with 10 mM o-phenanthroline and 1% (w/v) Brij 36 T in
TE (1 L of washing buffer/10 in.). Excess detergent and
o-phenanthroline were then removed by washing with 0.1%
(w/v) Brij 36 T in TE and RCs eluted with 300 mM NaCl.
The obtained RCs contained onlyl% Qa as judged from
the amplitude of the flash-induced®,*~ signal.

Cyt ¢, was isolated from the supernatant of the chromato-
phore preparation following the method of Axelrod et al.
(30) with modifications. After removal of membrane frag-
ments, soluble proteins were precipitated with gy8O,
to 30% saturation at pH 7.3, and the supernatant was applied
to a hydrophobic columnnfbutyl-Sepharose fast flow,
Pharmacia) equilibrated in TE (pH 7.3) containing (g
SO, to 30% saturation. Fractions of eluting buffer that l l
contained cytc, were pooled, adjusted to 60% saturated
(NH4)2.SOy, and centrifuged (8000 g, 45 min). The super-
natant was applied to a second hydrophobic column equili-
brated with 60% saturated (N)4SQ,, the bound proteins
washed extensively with equilibrium buffer, and eluted with
40% saturated (NSO, Cytc; fractions with an ORsor416
~ 0.25 were obtained. The pooled fractions were dialyzed
against TE (pH 7.3) and concentrated by putting the dialysis E@%Fzgtg; 1F:S£r$§iz!’T5A|P;EdSE?CELa v(\)/:‘léhte t\éVORf(r:eSe?rec;:Tf]aRpPed
twbing on PEG 33.50 (Slgm.a) overnight a.lt 278 K'_ The sphaeroid’e$detergentO.l% Triton’X-loo)z'r)ilgobtained at léO
concentrated solution was dialyzed three times against TEK with 45 s illumination prior to freezing (B)..1~ is obtained
(pH 7.3) containing 1 mM sodium ascorbate in the first two together with 3~ with 1 s illumination, measured at 135 K (C). Its
steps. The (NB).SQs-free solution was applied to a DEAE  intensity decreases at higher temperatures (see, D, 150 K; E, 165
column equilibrated in TE (pH 7.3). Bound cgb was K). The difference spectrum (A) is obtained from the two spectra

' S . in C and E. Note that the spectrum in B contains small contamina-
washed with equilibrium buffer and eluted with 100 MM yi5¢ from the - state. For assignment and hfc's of the signals

NaCl to give ORsou16~ 0.22. After dialysis against TE  1-8, see text and Table 1. Arrows in C to E indicate the irreversible
(pH 8.0), the protein was concentrated to P~ 150 decay of signals 1 and 3¢ components) assigned tg1. The

(Centricon 10, Amicon) and stored at 200 K. additional signals a and b (in A) have effective hfc's/Af(a) ~
. . 2.0 MHz and As(b) ~ 4.0 MHz. Experimental conditions:
Optical spectroscopy at room and cryogenic temperatureSmicrowave power 12 mw, rf power & 100 W, rf modulation
was performed using a Cary 5 spectrophotometer (Varian) depths 140 kHz (frequency 12.5 kHz), time constant 326 ms (1024

as described earlie2$). The EPR, ENDOR, and Special datapoints, 30 scans).
TRIPLE measurements were performed on a Bruker ESP
300E spectrometer with a home-built cavity and radio RESULTS

frequency accessories that are described in detail elsewhere giactronic Structure oft in Wild Type. The X-band EPR

(31, 32). Typical samples were 9GiL of a §olutic;n signal of the freeze-trapped state@a2~ in wild-type RCs
containing 126-140uM RC and 0.5-2.0 mM ¢cytc;in 0.1%  gom R sphaeroidesaccumulated with 45 s illumination

(w/v) Triton X-100 or 0.1% (w/v) Brij 36T in TE (pH 8.0)  pior to freezing, is an inhomogeneously broadened Gaussian
that was mixed with 1Q«L of a freshly prepared 0.5 M |ine with a width 0f AByp = 1.29+ 0.03 mT (not shown),

N&S,04 solution n 1 M Tris/HCI (pH 8.0) in an argon-  \yhich is typical for a BPha (or BChl a) radical anion {8,
flushed glass tube (i.d. 3 mm). To prevent glass breakage26)_ The proton hfc constant can be obtained frortH-
through freezing, a piece of Teflon tubing, which was sealed NpDOR or Special TRIPLE spectroscdpfl6—19). The

on the bottom, was inserted into the sample. Samples werémin feature of the Special TRIPLE spectrum (Figure 3B)
illuminated in an ice-water bath for 1 or 45 s with white 5 o overlapping uniaxial hf tensors (signals-®) with

light using a 150 W halogen lamp before rapid freezing in

liquid nitrogen. The illumination was continued during the 3 The H-Special TRIPLE resonance frequencies are related to
freezing process, but not during the subsequent measurement; o e constgnm by Vst = [V enbor — VHl q: AlI2, if the ENDOR

H/D exchange was performed by repeated cycles of diluting resonance frequencies are to first order symmetrically spaced around
samples with BO containing 0.05% (w/v) Triton X-100 and  the proton Larmor frequencyy in the applied magnetic field1Q).

; ; ; ; _ We found no differences between hf tensor components when they were
reconcentrating them in centricon 30 tubes (Amicon), fol determined from either ENDOR or Special TRIPLE spectra, indicating

lowed by incubation for 70 h at room temperature prior t0 that at least for the methyl hfc’s any deviation from the symmetry
the I~ accumulation. aroundwy is less than the experimental erroref£100 kHz.

(9]

[w)

Special TRIPLE amplitude (first derivative)

m
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Table 1: *H-hfc Tensor Components (MHz), Isotropic hfc’s, Sums and Ratios of hfc's of ttem@ 12 Methyl Protons of the Two*t States
in Native and Mutant RCs frorR. sphaeroidesind of the Radical Anions of BP& and BChla in Frozen Organic Solution

assignment to state | L

assignment to molecular position * 2! 12! 7 R* 2! 12! z/ RE#

assignment to tensor components AL A AL A A AS AL Al ALt AL Al AL

signal number 1 2 3 4 5 6 7 8

R. sphaeroides b
wild type 67 79 71|84 103 90 (161 127]|75 93' 81]90° 110 97 (178 120
wild type, q.d. 66 81 71/[85 104 91 {162 128|77 94° 8391’ 110 97 (180 117
EL(L104) nd.* nd * - - |63 79 68|95 114 101]169 149
EL(L104), qd. 70 88 76 97 1177 1047|1807 137*] 61 77 66 [94° 114° 1017|167/ 153*
WF(L100) nd.* nd.* - - {72 87 77|92 111 98 (175 127
WF(L100), q.d. 67 78 71|82 100 88 |159 124|172 87 77|91 111 98 |175 127
GD(M203) nd” nd.* - - |75 93" 81(89° 109 96 [177 119
TD(M133) nd.” nd.* - - |75 93" 81[90' 110 97 |[178 120
EL(L104)+TD(M133) nd.” nd.* - - 163 79 68195 114 101|169 149

BPha
pyr/Hy0 ° - - - - - - - - 71 86 76|84 101 90 [169 118
MTHF ¢ - - - - - - - - |71 82 75|82 100 88 |163 117

BChl &
pyr/Ha0 © - - - - - - - - |87 101 92101 121 108|200 117
MTHEF ¢ - - - - - - - - |80 92 84|92 111 98 |182 117

a For numbering see Figure 2Both I'~ states are obtained witL s illumination prior to freezingl{= 135 K); I~ is accumulated preferentially
with 45 s or longer illumination prior to freezind & 135-180 K); the hf tensor components are obtained from simulations of difference spectra
(cf. Figure 3); g.d., quinone depleted (cf. Materials and Methods); same values for 0.1% Triton d¥rt@@tylphenyl polyoxyethylene ether) and
0.1% Brij 36 T (-dodecyl decaoxyethylene ether); error of tensor componert80 kHz.¢ Aqueous pyridine,T = 145 K (23). 4 2-Methyl
tetrahydrofuran,T = 100 K (23). ®lsotropic hfc’'s, Ao = (2A5 + A)/3; error, £100 kHz."y = Aso(2Y) + Aiso(12%); error, 200 kHz.9R =
Aso(129/Aiso(2Y); error, £0.02." n.d., not determined.Error of this hfc,£200 kHz.J Error, 400 kHz.X Error, 40.04.

the tensor components; (signals 5 and 7) ané, (signals strongly decreased upon warming the sample to 165 K (see
6 and 8;A, > Ag > 0) and the (positive) isotropic hiis, = arrows in Figure 3). This is accompanied by an increase of
(2Ag + A)/3, which are assigned to the protons of the two the EPR line width to a value similar to that obtained with
methyl groups at positionsi2and 12 (Table 1). The 45 s illumination. Further increase of the temperature to
principal hf tensor components are deduced from simulations 180 K results in no additional changes. Likewise the EPR
of the powder pattern3g). and Special TRIPLE spectra remain unaltered upon recooling
The methyl signals are accompanied by smaller broad the sample within the cavity to 135 K in the dark, indicating
signals in the range ofst = 2—7 MHz. These can be that the observed changes ame versible
assigned to ther-protons at positions 5, 10, and 20 (not The Special TRIPLE spectra obtained between 135 and
labeled in Figure 3), since these protons are expected to havel65 K with 1 s illumination can be interpreted by the
large and strongly anisotropic hfc's in the BRhadical anion presence of two distinct spectroscopic species. We call these
(18). The unambiguous assignment of the tensor componentsspecies ~ and b~ (cf. Figure 3A,B). Obviously, it~ is
of these signals in frozen solution is difficult because of their metastable and decays between 135 and 160 K, wiiilésl
weak intensity and will not be further discussed here. stable under these conditions € 200 K). The spectrum
However, it should be kept in mind that these tensor of 1,*~ is identical to that obtained with 45 s illumination
components may be superimposed to the methyl signals andFigure 3B). The spectrum of the purg state (Figure
could cause some distortions of the line shapes. 3A) can be obtained by subtracting the spectrum measured
The EPR and Special TRIPLE spectra‘ofdébtained with at 165 K (Figure 3E) from that at 135 K (Figure 3C). The
45 s of illumination prior to freezing in liquid nitrogen (cf.  difference spectrum exhibits two somewhat different uniaxial
Materials and Methods) are insensitive to the temperature hfc tensors (signals-14) with different isotropic hfc’s (Table
between 135 and 180 K. However, when the illumination 1). These are assigned to methyl protons as indicated (cf.
time is decreasedtl s and the measurement is performed Discussion). In addition, there are two signals, labeled a
at 135 K, the line width of the EPR signal is reduced to and b (Figure 3A), with effective hfc’'s dfer(a) ~ 2.0 MHz
ABp,=1.214 0.03 mT (not shown). The pattern of intense andAs(b) ~ 4.0 MHz. These signals are not present or are
narrow lines in the corresponding Special TRIPLE spectrum at least much weaker in the spectrum of bnd are probably
is significantly changed (Figure 3C). Variation of the superimposed to other resonances in the ragge 2 MHz.
temperature without further illumination reveals that the  To assess a possible involvement of the primary quinone
intensity of certain lines (in particular, signals 1 and 3) is acceptor in the formation of the metastable state we
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repeated the experiments described above with quinone- T
depleted RCs. Wit 1 s illumination both states*l and
I,>~ are present at 135 K (not shown), exhibiting essentially
the same hfc’s as observed with quinone containing“RCs
(Table 1). Here, thei™ state also relaxes irreversibly upon
warming the sample to 180 K. The replacement of Triton
X-100 by Brij 36T, which was used for quinone extraction,
caused no changes of hfc’s.

To obtain information about the origin of the two signals
a and b of I*~ we investigated RCs that were incubated in
D,O for 70 h prior to the *I accumulation (cf. Materials
and Methods). Under these conditions both signals are

Special TRIPLE amplitude (first deriv.)

clearly present with the same spectral intensity as i0.H 01 2 3 45 6 7 8
Further experiments were performed on RC&Rosphaeroi- ver / MHz
des R26.1 isolated from cells that were grown onM  Fgre 4: 1H-Special TRIPLE spectra of freeze-trapped in

medium with succinic acidh,; as the sole proton sourcg@?q quinone-depleted RCs of thR. sphaeroidesnutant EL(L104),
38). In these preparations the bacteriochlorins are deuteriumrecorded at two different temperatures (illumination time 1 s,
labeled at positions 5, 7, 81,83, 10, 17, 17, 17, 18, and detergent 0.1% Brij 36T). For assignment and hfc’s of the signals

: P ; ; 1-8, see text and Table 1. Note the (irreversible) decay of signal
20 and partially at position £and at the phytyl chain (Figure 1 (A5 component) assigned tgt. The additional signals a and b

2). Protons are only fully retained at positions 2?, 74, have effective hfc’s oPer(a) ~ 2.0 MHz andAgg(b) ~ 4.0 MHz.
12!, 1% (exchangeable), and 18The signals a and b were  For experimental conditions, see Figure 3.

essentially absent under these conditions.

Characterization of Mutants by Optical Spectroscofijie Electronic Structure of " in Mutant RCs. With 1 s
room temperature optical absorption spectra (not shown) ofillumination prior to freezing, two distinct1 states are also
the isolated RCs from all mutants were not significantly observed in quinone-depleted RCs of the mutant EL(L104).
different from that of the wild type, with the exception of ~As in the case of the wild type, one can identify four uniaxial
the mutants with the change Glu to Leu at position L104, in hf tensors (Figure 4), two of which lose spectral intensity
which the Q band of the BPhs was substantially narrowed. irreversibly upon increasing the temperature from. 135 to'180

In the low-temperature (20 K) optical spectra of the K. The principal hf tensor components are again obtained
mutants with changes near the BPhs, shifts of bands are onlyfom simulations of difference spectra (not shown). This
observed in the BPh Qegion (not shown). In the case of allows an assigment of the signals-4 to the metastable
the mutant EL(L104) the spectrum shows one asymmetric Staté 1"~ and of the signals 58 to I;". The signals
peak at 536 nm, which is similar to the one in the mutant Pelonging to position 12 that is, 3 and 7 as well as 4 and
EV(L104) (6) and theRhodobacter capsulatusutant EL- 8, respectively, are the same within the experimental error
(L104) B). The spectrum of TD(M133) contains a peak at (cf. Table 1). The hfc’s assigned to p05|t|ohaZe,_ however,
546 nm and a shoulder at540 nm as compared with the different in the two 1~ states. As compared with the wild
two peaks at 546 and 534 nm in the wild type. In the YP€ the isotropic hfc’s for the methyl groups at positiohs 2
corresponding spectrum of the double mutant EL(L%07)- and 12 are significantly different in the mutant (Table 1).
(M133) only one peak at 537 nm is observed. The mutant !N particular, there is a strong decreasé\af(2') and a slight
WF(L100) shows two peaks quite similar to those of the Increase ofA(12') in both states,it” and b~ The two
wild type, but there are small changes in amplitudes and line Signals a and b o™ have only weak intensity. In quinone-
widths. The spectrum of the mutant GD(M203) with a Ccontaining RCs of EL(L104) a sufficient signal-to-noise ratio
change near Bhas been published earli@5). Incontrast ~ Of the Special TRIPLE spectra was obtained only with
to the other cases, band shifts are seen here only in the BChjllumination of 45 s or longer prior to freezing (spectra not
Q. and Q region. The observed changes are consistent with shown). The observed methyl hfc’s are essentially the same
the assumption that the point mutations have specific local @ those ofa™ in quinone-depleted RCs (Table 1).
effects on the spectral properties of nearby cofactors and are AS IS evident from Figure 5, two distinct’l states can
additive, for example, in the double mutant. In addition, also be trapped under the same experimental conditions in

the overall structure and pigment composition of the RCs RCs of the mutant WF(L100). The hfc’s of1, including
seems to be not affected by these mutations. the two uniaxial hf tensors of the methyl protons (signals
1-4) as well as the additional signals a and b, are quite
similar to that of {*~ in the wild type. The methyl hf tensors

4 A slight blue shift of the long wavelength band of the primary — (o aRo=
donor P from 866 to~863 nm is observed in Brij 36 T upon quinone of 17~ (signals 5-8) are changed such that the r

depletion of RCs (cf. reB4), which can be interpreted in terms of a Aiso(121)/Aiso(2") is increased (Table 1) and the_ comp_onents
detergent-induced conversione20% of the RCs to the so-calledsp of both methyl hf tensors are fully resolved (in particular,
state. A shift to 854 1 nm corresponds to 100% conversi@,(36). signals 6 and 7). Two signals with &~ 2.0 MHz andAc

To assess possible effects on the electronic structure” afié also ~ e .
investigated this anion in RCs in thesPstate induced by solubilization =~ 4-0 MHz similar to the signals a and b of1 are also

with the zwitterionic detergent SB14. The observed hf tensors of the observed with 45 s illumination in quinone-containing RCs.
two methyl groups 2and 12 in the state #~ (freeze-trapped with 45 The ENDOR and Special TRIPLE spectra of In the

s illumination prior to freezing) are only slightly shifted{(2!) = ~ ;

7.9 MHz Au(12) = 9.9 MHz, 5 — 17.8 MHz R = 1.25) compared  mutants GD(M203) and TD(M133), freeze-trapped with 45
with samples in nonionic detergents (Table 1). There are no indications S illumination and measured at 160 K, show no significant

for a preferential formation of the'I" state under these conditions. shifts of the methyl hfc’'s as compared within the wild
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FiIGURE 5: 'H-Special TRIPLE spectra of freeze-trapped in
quinone-depleted RCs of thR. sphaeroidesnutant WF(L100),
recorded at two different temperatures (illumination time 1 s,
detergent 0.1% Brij 36T). For assignment and hfc’s of the signals
1-8, see text and Table 1. Note the (irreversible) decay of signals
1 and 3 Ay components) assigned tp1. The additional signals a
and b have effective hfc’s dheri(a) ~ 2.0 MHz andAcri(b) ~ 4.0
MHz. For experimental conditions, see Figure 3.

T
8

type (Table 1, spectra not shown). In the spectra of both
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positions yields a sum of methyl hfc’s lying in the range of
> = 16—17 MHz and 18-20 MHz, respectively, for the
monomeric radical aniond §, 23). Furthermore, it is usually
found thatAiso(2Y) < Aiso(12Y), resulting in a characteristic
ratio of methyl hfc’s of R = Aiso(121)/Aiso(2Y) ~ 1.2. The
values for 1~ obtained with an illumination of 45 s or longer
fall into this range, indicating that the trapped species is a
monomericbacteriochlorin radical anion (Table 1). The
spectra obtained with short illumination (1 s) show two
additional methyl hf tensors, which lose intensity with
increasing temperature between 135 and 160 K. Since the
amplitudes of the Special TRIPLE resonances are not
expected to be as sensitive to temperature as those of
ENDOR @3), it follows that the two additional methyl
signals must be ascribed to a second distinct radical, the
populationof which is temperature-dependent. The spim
and ratioR of the methyl hfc’s allow this second radical to
be also identified with anonomericbacteriochlorin radical
anion (Table 1).

Experiments on RCs from bacteria grown ogDmedia
together with the analysis of the isotopic composition of
pigments isolated from such samples by NMR spectroscopy
(37, 38) allow a further assignment of the measured hfc’s.

mutants traces of signals can be detected that are similar ton spectra of such partially deuterium labeled samples, the

the methyl hfc’s of J*~ in the wild type as observed at 165
K (cf. Figure 3E). There is no evidence for additional

methyl signals of both*t states are clearly present under
the respective illumination conditions. This is expected from

spectroscopic species that, for example, could originate fromthe isotopic composition, since the methyl positiohAsad

a (partial) reduction of Bor ®g. The methyl hfc's seen in
the ENDOR spectrum of the double mutant EL(L164D-
(M133) are similar to those of the single mutant EL(L104)
as would be expected, if the additional mutation at position
M133 has no influence on the electronic structure *of |
(Table 1, spectra not shown). Two signals with ~ 2.0
MHz andAgt ~ 4.0 MHz are observed with 45 s illumination
or longer (i.e., up to 2 min) in the ENDOR spectra ofin
quinone-containing RCs of GD(M203) and EL(L164)D-
(M133) similar to the case of WF(L100). If these hfc’s
correspond to the signals a and b i1 lof the wild type (cf.
Figure 3A), then their spectral intensity is apparently not
strongly correlated with the presence of this state in the
mutants.

DISCUSSION

Assignment of hfc’'s and Identification of Two Btates
in RCs of R. sphaeroide3he assignment of the intense

12! are protonated. The two additional signals a and b of
the *~ state, however, are no longer observed. Note that
in normal wild-type RCs (grown on 4D) the intensity of
these two signals with respect to that of the methyl protons
in the L*~ state does not vary significantly between different
samples, even if the RCs are incubated po0Ocf. Results).
Therefore, the disappearance of these signals indicates that
the corresponding molecular positions are deuterated and do
not belong to exchangeable protons (cf.24f. Among the
possible positions (cf. Results) only tHeprotons at carbons

7 and 8 or 17 and 18 of the saturated rings B and D are
expected to have relatively large hfc’s with low anisotropy
as observed in the spectrd8( 44). The isotropic hfc's of
these protons depend not only on thapin density but also

on the angle between the axis perpendicular totsgstem

and the CH-bond axis4(, 42). It is possible that a
conformational change of the saturated ring alters the
B-proton hfc’s without strongly affecting the-spin density
distribution. Therefore, the intensity, width, and effective

signals 1-8 observed in ENDOR and Special TRIPLE hfc constant of these signals can vary significantly between
spectra of " in frozen solution to methyl protons is based  states as compared with the signals of the methyl protons.
on the fact that in polycrystalline samples only the methyl This could explain why the amplitudes of the signals a and
groups show intense narrow ENDOR signals due to their jy gre large in they~ state, but negligible in the state.
rapid rotation and symmetryi§, 39). The further assign-  On the basis of these arguments, we assign the signals a
ment to specific methyl groups (positionsd 12') is based  and b tentatively tg-protons at the saturated rings.
on a comparison with semiempirical calculations (RHF- Assignment of the Two| States toda~. A clear
INDO/SP) discussed below. assignment of the identified bacteriochlorin radical anions
The occurrence of isotropic hf interactions due to protons to specific cofactors is not possible based on the wild-type
of methyl groups adjacent to thesystem can be explained data only. To exclude the possibility that the unpaired
by hyperconjugatior{40). The observed proton hfs(X') electron is trapped on cofactors other thhg (e.g., on®g
of a methyl group is proportional to thespin density 41, or Ba), we investigated mutant RCs with specific alterations
42) and can therefore be used as a direct measure of than the vicinity of certain cofactors. The two mutants EL-
mr-spin density at carbon X, for example, at positions 2 or (L104) and WF(L100) were constructed to remove putative
12 (Figure 2). ENDOR studies of BRt"™ and BChla*™ in hydrogen bonds betweed, and its protein environment
organic solution showed that thespin density at the methyl ~ (Figure 1). In the mutantboth states, £~ and b, are
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affected, although;1~ in WF(L100) is quite similar tot~ predicted for the absolute minimum also fits well to the
in the wild type. Further insight comes from the observation experimental value of BPla*~ (and BChla'™) in frozen
that mutations in the vicinity of other cofactors have no organic solvents (Table 1), but again the methyl hfc's are
significant effect on the electronic structure of.l The generally different. Such differences between predicted and
mutants GD(M203) and TD(M133) were constructed to measured hfc’s are not surprising in view of the approxima-
introduce a hydrogen bond to the'adketo group of B and tions made in the calculations, including the neglect of ring
dg, respectively. Although we have no clear evidence for puckering and the protein environment. Nevertheless, the
the formation of such hydrogen bonds in these mutants, theagreement is good enough to allow for a qualitative
optical spectra show that the respective cofactors areinterpretation: The reorientation of the acetyl group is the
perturbed by the nearby mutations in a manner similar to main reason for the spectral differences between the two
the effects of the hydrogen bond tb,. Consequently, states{~ and b
measurable effects on the electronic structureoinl these Another important factor that influences the electronic
mutants should be expected, if the electron was trapped onstructure of BPha~ is hydrogen bonding to the 3-Beto
Ba or ®g. However, no effects are observed. In addition, group. To assess the effect on the methyl hfc’s, calculations
the changes due to the double mutant EL(LHORP(M133) were performed, in which a water molecule was placed near
are the same as those due to the single mutant EL(L104).the keto group an@ = 135 was kept constant (W. Lubitz,
We therefore conclude that the electron is selectively trappedunpublished results). The hydrogen bond causes a slight
on®,, and that the unidirectionality of the ET is not affected increase ofAiso(12') and a negligible decrease 8f,(2%).
by the investigated mutations. This assignment implies that The changes of hfc's increase with decreasing hydrogen
the two P~ states must be interpreted as different conforma- bonding distance, but never excee8%.
tions of the same radical anio®a°~. Effects of Hydrogen Bonds aha. The methyl hfc's of
MO Calculations of hfc’s Semi-empirical molecular  both P~ states in the mutant EL(L104) differ significantly
orbital calculations have been used extensively to obtain afrom that of the wild type. This means that the changes of
detailed understanding of the spin density distribution in the the LUMO of ®, upon removal of the hydrogen bond
frontier orbitals of bacteriochlorin radical cations and anions between Glu L104 and the %8eto group are much larger
and have proven to be a valuable tool for the interpetation than expected from calculations of BBf1, in which a water
of ENDOR and Special TRIPLE spectrag( 33, 44, 45). molecule was placed near the keto group (vide supra). In
Of particular importance for the assignment of the methyl addition, the changes are qualitatively differedts(2') is
hfc’'s of BPha"~ is the dependence of the s-spin densities at significantly decreased by20% with respect to the wild
positions 2 and 12 on the torsional motion of the 3-acetyl type in the case ofxi™, but increased by 7% in the case of
group. RHF-INDO/SP calculations of the total energy and I;°~ (Table 1). Ais(12%) is increased in the stateg and

the spin density distribution within the LUMO of BRin~ I~ by 14% and 4%, respectively. Such effects cannot
in vacuoas a function of the dihedral anghe(cf. Figure 2) simply be explained by the electrostatic influence of the
revealed that the total energy has two minim&@at 45° bridging proton on the keto oxygen. It is of particular interest
and 138 that are separated by a small barrie®at 90°. that in EL(L104)Ais«(2) is decreasedipon relaxation from

The barrier is probably caused by a decrease of thel;"” to I~ by about 1 MHz, while the reverse is observed in
conjugation between the acetyl group and theystem of the wild type. This indicates a possible influence of the
the macrocycle. An in-plane orientation of the 3-acetyl group mutation on the structural relaxation behaviodgf—, which
of BPha~ in vacuois clearly not favored, since the total on the basis of the above considerations could be interpreted
energy rises strongly due to steric hindrance, wken  as a change of the torsional potential of the 3-acetyl group.
approaches Vor 18C. Essentially the same results are In this respect it is interesting to note that there are indications
obtained for the range 180< 6 < 360". from recent resonance Raman studiesbaf in native and
The calculations further demonstrate thamnainly influ- mutant RCs oR. capsulatug46) that the torsional potential
ences the spin density at ring A witl(2') being smallest  defining6 is modulated by the removal of the hydrogen bond
for a perpendicular orientation of the acetyl group. The effect to the 13-keto group. These studies also provide evidence
on the hfc of ring C is weaker and opposite, thatis,(12") for multiple torsional isomers of the 3-acetyl group inde-
is largest at) = 90°. This causes the ratiRto vary strongly pendent of the presence of the hydrogen bond from Glu
with 6. Furthermore, it is found thafiso(2Y) < Aiso(12Y) in L104. Principally, this is in accordance with our finding
the vicinity of the energy minima. This is the rationale for and interpretation of the two states in the mutant EL-
assigning the smaller hfc in each spectrum to the methyl (L104). Itis therefore reasonable to assume that the mutation
group at position 2 and the larger one to position 12. In near the 13keto group can affect the orientation of the
addition, the results show that two distinct conformations 3-acetyl group and that this intramolecular long-range effect
of BPh a~ may exist that differ in the orientation of the contributes to the observed differences of the relaxation from
3-acetyl group. It is interesting to note that the calculated I,°~ to I~ compared with the wild type. Consequently, the
hfc’'s (Aiso(2}) = 8.2 MHz, Aso(12Y) = 9.9 MHz) and the  calculation described above is not able to reproduce this
ratio R = 1.20 for the absolute minimum of the total energy effect, since the nuclear geometry of BRhncluding, is
(6 ~ 135) are in good agreement with the experimental kept fixed.
values for the >~ state of the wild type (Table 1). The ratio Removal of the putative hydrogen bond between Trp L100
R = 1.27 measured for the*t state corresponds t6 ~ and the 13 methyl ester affects the influence of the relaxation
45°, which is the second energy minimum of BRtT. from 1°~ to I~ on the methyl proton hfc’s. In particular,
However, the predicted methyl hfc’s for this angle are the increase ofiso(12%) by 11% is larger than that @so(2%)
somewhat larger than the experimental values. The Ritio (9%) as compared to 7% and 17%, respectively, in the wild
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type. The ratidR remains the same within the experimental to a charge stabilization are expected from an increase of
error (~~2%) in contrast to the wild type, wheReis decreased  the hydrogen bond strengthsdg*~ compared with neutral
by 9%. This possibly also indicates that the torsional ®, involving residues Glu L104 and Trp L100. This has
potential of the 3-acetyl group is changed by the mutation. been discussed earlier for L104 by Bylina et &) for R.
On the other hand it must be considered that other nuclearcapsulatusand has also been found for the mutatiorRin
coordinates besidésmight be affected by the mutation that sphaeroidegAllen et al., unpublished results). The trapped
could be involved in the relaxation from*t to I, for states occurring in our experiments on ¢annot represent
example, changes of the geometry of rings D and/or E. In all the possible processes that could take place during the
contrast to the mutant EL(L104), where both $tates are  charge separation, but they allow us to identify some of the
strongly affected, the significance of the effects of WF(L100) structural changes that are probably important in RC function
on the |~ state is not clear. The close resemblance of the on a molecular level.
hfc’s of signals +4 of WF(L100) to those of the wild type
(Table 1) suggests that this mutation has almost no effect CONCLUSIONS AND OUTLOOK
on the I~ state. The spectra could be explained by the  Our results corroborate the common view that in RCs of
absence of a hydrogen bond between Trp L100 and the 13 R. sphaeroidethe BPh in the A-branch is selectively reduced
ester in the - state and its formation upon relaxation to in freeze-trapping experiments. The radical anion can be
I~ in the wild type. Breton et al9] proposed on the basis  obtained in two distinct conformations, callegland b,
of FTIR data that a conformational substatedf might which presumably differ in the orientation of the 3-acetyl
exist with the 13-ester free from interaction with Trp L100.  group. Each of the two conformations probably exists in
It is therefore possible that the formation of a hydrogen bond different subconformers, for example, conformations with a
involving this residue or the increase in strength of such a twist of the saturated rings or torsional isomers of other
bond contributes to the structural relaxation of the reduced substituents such as theZBethyl ester. The occurrence
intermediate electron acceptor in the wild type. of these subconformers appears to be influenced by mutations
Comparison with Earlier Data Indications for different ~ and/or quinone extraction. Theeversibletransition from
conformations of the reduced intermediate electron acceptorl,"~ to I~ is frozen out at temperatures below 160 K. On
in bacterial RCs are known from the work of Tiede et al. the basis of the ENDOR spectra we conclude that the
(47). These authors found evidence from optical difference hydrogen bond between Glu L104 and thé-k8to group
spectroscopy for a low- and a high-temperature form of the of @, is present in both conformations. The hydrogen bond
freeze-trapped state'Qa*~ in RCs fromRhodopseudomonas  between Trp L100 and the 4&ethyl ester is possibly
viridis. They proposed that the observed changes arise fromweakened or absent in the state. It is proposed that the
a structural relaxation involving the accessory BChhXB  conformational states, involving acetyl rotation, hydrogen
Although such a relaxation might play a role, our data suggestbond formation, etc., play a role in the stabilization of the
that acetyl rotation ofb, could also be important in this  charge-separated states in the RC. To test the hypothesis
process. that the reorientation of the 3-acetyl group is responsible for
Functional Implications In this paper we have shown that the occurrence of two freeze-trapped ktates, we are
two states, #~ and b, of the intermediate BPh acceptor presently investigating mutants with changes at position
can be trapped in RCs &. sphaeroideslt is interesting to M210, which could influence the torsional motion of the
speculate whether two (or even more) distinct conformations acetyl group. These studies will eventually contribute to a
of the transient state"RDP,*~ exist that relax during the ET  more detailed understanding of the initial charge separation
process and contribute to a stabilization of the charge process in photosynthesis.
separation. Implications for such a mechanism (“confor-
mational cooling”) already exist in the literature and are based ACKNOWLEDGMENT
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